1. Introduction {#Section1}
===============

Osteoarthritis has become a major cause of disability in the United States responsible for a tremendous sociological and economic burden [@B1], [@B2]. Early diagnosis and treatment of osteoarthritis is believed to delay disease progression and improve the patient outcome [@B3]. According to the Arthritis Foundation, osteoarthritis may be diagnosed by a physical examination, followed by confirmation with joint aspiration, X-ray and Magnetic Resonance Imaging (MRI) [@B4]-[@B6]. Unfortunately, joint aspiration and X-ray imaging are unreliable and cannot be used to detect localized cartilage injury before any structural damage emerges [@B7], [@B8]. MRI is comparatively sensitive, valid and reproducible for assessing whole-joint structures including cartilage degeneration, subchondral bone marrow lesions, joint effusion and synovitis [@B9]. However, MRI is unable to detect localized cartilage tissue deterioration which is often associated with the early onset of osteoarthritis [@B10]. Therefore, there is a need for the development of new methods to assess localized cartilage damage of osteoarthritis.

Increasing evidence supports that synovial macrophages play an important role in the progression of osteoarthritis [@B11]-[@B13]. Firstly, the accumulation of macrophages at the synovial lining and cartilage surfaces is the first symptom of osteoarthritis [@B11]. Secondly, macrophages are the most prevalent cells that infiltrate in a human osteoarthritic joint, accounting for 65% of all infiltrating cells [@B14]. Thirdly, a recent study has shown that activated synovial macrophages enhance osteophyte formation, fibrosis and many signs of osteoarthritis [@B15]. Fourthly, inflammatory cytokines released by activated macrophages, such as TNF-α and IL-1β, have been shown to promote the inflammatory and destructive responses in osteoarthritis [@B12]. Lastly, the critical role of macrophages in osteoarthritis progression is confirmed in a study that shows that the depletion of synovial macrophages results in a significant reduction of osteophyte and fibrosis formation in a murine osteoarthritis model [@B15]. These results suggest that the detection of activated macrophages is a reliable indicator for assessing the severity and location of osteoarthritis.

The folate receptor (FR) is a family of glycosyl phosphatidylinositol-anchored proteins and has high affinity for FA [@B16]. Beta form of FR (FRβ) is specifically expressed on activated macrophages in inflamed joints and has been used as a target for drug delivery [@B17], [@B18] based on several unique characteristics of the FR. Firstly, expression of FR can only be found on activated macrophages but no other blood cells such as lymphocytes, granulocytes or erythrocytes [@B19]. Secondly, increased amount of FR is present on activated macrophages in the inflammatory environment but not on quiescent resident macrophages [@B20]. Finally, folate targeting near infrared probes were found to able to assess the disease progression of LPS induced arthritis mice model by quantifying the extent of active macrophage accumulation in the joints [@B21]. These results support that folate probes can be developed to detect the presence of activated macrophages on osteoarthritic cartilage via FR-folate interaction.

Several imaging modalities have been investigated on their ability to detect activated macrophages during the progression of rheumatoid arthritis and osteoarthritis. Using single-photon-emission computed tomography, a study demonstrated that a diethylene triaminepenta acetic acid (DTPA)-folate probe can be fabricated to monitor the macrophage accumulation in joint tissue of rat osteoarthritis models [@B22]. Folate-conjugated ^99m^Tc chelator was also studied to monitor macrophage recruitment using gamma scintigraphy in a rat RA model [@B23]. Lastly, a formyl peptide receptor 1-targeting peptide probe cFLFLF-PEG-^64^Cu was investigated for its ability to detect activated macrophages in an induced osteoarthritis rat model via positron emission tomography imaging [@B13]. While these nuclear medicine methods can detect the accumulation of activated macrophages at the site of arthritis, the risk of radiation exposure limits their use for routine osteoarthritis diagnosis.

To overcome this limitation, other optical imaging methods have been investigated for arthritis diagnosis. For example, a FR-targeting near infrared (NIR) probe was developed to detect activated macrophage recruitment in mice with induced rheumatoid arthritis [@B21]. Another study has shown that NIR dye (Cy5.5 fluorochrome)-conjugated anti-macrophage antibody (anti-F4/80 antibody) can be used to visualize the presence of a higher number of macrophages at a joint with induced osteoarthritis in mice [@B24]. Despite all these observations, none of these probes have been evaluated on their capability to diagnose human osteoarthritic cartilage tissue in human, which was the focus of this investigation.

In this study, we fabricated FR-targeting probes by conjugating NIR dye and folic acid onto hyaluronic acid (HA) particles. HA, a natural polymer with inherently biocompatible and biodegradable properties, has been widely used as a drug carrier [@B25], [@B26] and imaging probe [@B27]. The physical, chemical and cellular compatibility of the probes was characterized. The ability of the FA-HA probes to detect and quantify the number of activated macrophages was investigated *in vitro*. Finally, using discarded human cartilage tissue, we determined the effectiveness of FA-HA probes for identifying the area of osteoarthritic tissue and assessing the extent of osteoarthritic degeneration in human osteoarthritic explants.

2. Materials and methods {#Section2}
========================

2.1 Materials {#Section2.1}
-------------

HA (sodium salt, 700KDa) was obtained from Lifecore Biomedical (Chaska, MN). Divinyl sulfone (DVS, 97%), 1-heptanol (98%) and folic acid (FA, ≥97%) were obtained from Sigma-Aldrich (St. Louis, MO). Dioctyl sulfosuccinate sodium salt (AOT, 96%) and isooctane (99%) were obtained from Fisher Scientific (Hampton, NH). Polyethylene glycol (NH~2~)~2~ (HCl salt, 5000 Da) was purchased from Jenkem Technology (Beijing, China). N-Hydroxysuccinimide (NHS) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide were obtained from Thermo Scientific (Rockford, IL). CF647A amine dye was purchased from Biotium, Inc. (Fremont, CA).

2.2 Fabrication of FA-conjugating HA probes {#Section2.2}
-------------------------------------------

HA particles were synthesized via a water-in-oil microemulsion process as described earlier with minor revisions [@B28]. Briefly, 3 mL of HA aqueous solution (1.5wt% in 0.2M NaOH) was added dropwise into an oil phase solution composed of 50 mL of isooctane, AOT (0.2M) and 1-heptanol (0.04M) under homogenization at 28,000 rpm (OMNI GLH homogenizer, OMNI international, GA). Divinyl sulfone (0.015M) was added dropwise into the polymer solution and homogenized at 28,000 rpm for 5 minutes. The reaction then proceeded under vigorous stirring (2,200 rpm) at ambient temperature for 1 hour. Following the addition of 3 mL of hydrochloric acid (0.2M) to stop the reaction, the HA particles were collected by precipitation in 80 mL of acetone and sequentially washed with acetone, ethanol and water. After removal of large (micron-sized) particles via centrifugation 2x at 6 x g for 10 minutes, nano-sized particles were collected by centrifugation at 805 x g for 10 minutes, and the collected nanoparticles were lyophilized and stored at 4^o^C for further use.

HA particles were conjugated with fluorescent dye as described previously [@B29]. Briefly, HA particles (50mg/mL, PBS pH=6.0) were incubated with EDC (0.66M) and NHS (0.66M) at room temperature for 24 hours. The activated HA particles were collected by centrifugation at 805 x g for 10 minutes. The activated HA particles were dispersed in PBS (pH=7.2) containing CF647A amine dye (1.2mM) and allowed to react for 24 hours in dark. CF647A-labeled HA particles were purified via the centrifuge. Absorptive and fluorescent spectra of the CF647A-labeled HA particles were measured using an ultraviolet-visible spectrophotometer (Lambda 19 Spectrometer, Perkin Elmer, MA) and an Infinite M200 microplate reader (Tecan, San Jose, CA), respectively.

Some of the CF647A-labeled HA particles were further conjugated with FA to prepare FA receptor-targeting HA (FA-HA) probes. First, FA was modified with PEG (NH~2~)~2~ to introduce an amine group into FA [@B30]. Namely, FA (2.8mM) was activated by its overnight incubation in a solution of dimethyl sulfoxide (DMSO) containing EDC (4.2mM) and NHS (4.2mM) at room temperature; subsequently, PEG (NH~2~)~2~ (2.8mM) was incubated with the activated FA solution for 24 hours at room temperature in a dark setting to introduce a free amine group into the FA (FA-PEG-NH~2~). FA-PEG-NH~2~ was then purified with exhaustive dialysis (molecular cutoff: 2kDa) against DMSO and subsequently against water. The FA-PEG-NH~2~ was lyophilized and stored at 4 ^o^C for further use. To conjugate FA onto CF647A-labeled HA particles, 10 mg of CF647A-labeled HA particles, 6.6 mM of FA-PEG-NH~2~ and 66 mM of EDC were dispersed in PBS (pH=4.5). After stirring overnight at room temperature, the FA-conjugated CF647A-labeled HA particles (FA-HA probes) were collected via centrifugation at 9,838 x g. The FA-HA probes were washed 3X with DI water, lyophilized and stored under dark conditions for future use.

2.3 Characterization of FA-conjugated HA probes {#Section2.3}
-----------------------------------------------

Particle size and particle size distribution were analyzed at a particle concentration of 0.33 mg/mL using a Photon Correlation Spectrometer and a ZetaPALS Particle Sizing software (ZetaPALS, Brookhaven Instruments Co., Holtsville, NY, USA). The morphology of the probes was observed by using a scanning electron microscope (Hitachi S-4800 II FE SEM, operating voltage 15 kV).

HA particles were firstly labeled with CF647 before FA conjugation. The conjugation efficiency of CF647A dye was determined based on an established method and equation: Conjugation efficiency = (*M*~0~-*M*~1~)/*M*~NP~ × 100%, where *M*~0~ is the mass of initial input dye, *M*~1~ is the mass of unconjugated dye and *M*~NP~ is the mass of the HA particles. [@B31] *M*~1~ = (volume × absorbance at 648 nm × molecular weight of dye) / (path length × extinction coefficient of dye at 648nm) [@B32]. All experimental data is collected in PBS (pH=7.4). The absorbance (at 648 nm) was measured with a UV/VIS spectrophotometer (Beckman DU-640, Beckman Coulter, TX).

To determine the optical properties of the CF647A-labeled HA particles, 200µL of the probes in PBS (pH=7.4) (1mg/mL) was placed in a 96-well plate and fluorescence spectra were recorded using a SpectraMax Gemini XPS microplate reader (Molecular Devices, Sunnyvale, CA) [@B33].

To determine the FA conjugation efficacy on the probes, FTIR spectra of FA-HA probes were determined using a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Corp., Madison, WI) at a resolution of 8 cm^-1^ with a scan width of 4000-400 cm^-1^. Conjugation efficiency of FA on probes (FA-PEG mass per milligram of the dried probes) was quantified based on the measurement of FA absorbance at 362nm as described previously [@B34].

2.4 Cytotoxicity assay of FA-HA probes {#Section2.4}
--------------------------------------

Cytotoxicity of the probes were evaluated using human chondrocytes (ATCC, Manassas, Virginia) as described earlier [@B35]. Briefly, cells were seeded in a 96-well plate at a density of 8×10^3^ cells/well and incubated in chondrocyte medium (ATCC, Manassas, VA), which was supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, for 24 hours in an incubator set at 5% CO~2~ and 37℃. The seeded cells were incubated with different concentrations of probe for 72 hours. The adherent cells were washed 3X with PBS (pH=7.4) and then incubated with 100 μL of media containing 10 μL of AlamarBlue^®^ Cell Viability Reagent (Sigma-Aldrich) for 4 hours. A microplate reader (infinite 200, Tecan, Switzerland) was used to record the fluorescent intensities at an excitation of 540 nm and an emission of 590 nm. Cell viability was determined by the ratio of the fluorescent intensity of experimental group to the fluorescent intensity of control group (no probes added) × 100% [@B34].

2.5 In vitro macrophage targeting {#Section2.5}
---------------------------------

Studies were carried out to illustrate the probes\' ability to target activated macrophages using activated THP-1 cells, as described previously [@B34]. Briefly, human THP-1 monocytic cells (ATCC, 1.5×10^4^ cells/mL/well in RPMI 1640) were incubated with phorbol 12-myristate 13-acetate (PMA, R&D system) (162 nM PMA for 48 hours) to produce activated macrophages [@B29]. FA-HA-CF647 probes (final concentration 0.5mg/mL) were then added into activated and naive THP-1 cells for 15 and 30 minutes. To determine the role of the probe\'s FA on macrophage targeting, a similar *in vitro* study was carried out, which entailed the incubation of activated THP-1 cells with an excess amount of FA (18µM) for 20 minutes prior to the supplement of FA-HA probes (final concentration 0.5mg/mL) or HA control particles. At the end of the study, macrophages were washed with fresh media 5X and cell-associated fluorescent intensity in each well was read with a microplate reader. In addition, confocal laser scanning microscopy certified the location of targeted probes on activated THP-1 cells. Specifically, activated THP-1 cells were incubated with either FA-HA probes (0.1mg/mL) or RPMI 1640 medium (as control) for 4 hours in 37°C. Cells were washed with PBS (pH=7.4) three times and then stained with DAPI for three minutes. ​ Thus, the interaction between live cells and probes could be visualized with different laser channels using confocal laser scanning microscopy (Leica TCS SP8 SMD, Leica, Buffalo Grove, IL, USA) at different channels: DAPI channel (Excitation: 400nm, Emission: 470nm, Exposure time: 200ms), Cy5 channel (Excitation: 647nm, Emission: 670nm, Exposure time: 800ms) and White light channel (Exposure time: 100ms).

Murine Raw 264.7 macrophage (ATCC, Manassas, VA) was the model cell used to assess the effectiveness of FA-HA probes in targeting inflammatory cells. Raw 264.7 macrophages were cultured in folate-free RPMI media containing 10% FBS at 37℃ until reaching 75% confluence. To up-regulate cell surface FR expression, cultured murine macrophages were activated by supplementing 1.0 µg/mL lipopolysaccharide (LPS) (from *E. coli*, Sigma, St. Louis, MO) for 4h, as shown in previous publications [@B36]. After LPS incubation, cells were washed 2X with RPMI to remove non-adherent cells. FA-HA probes (final concentration 0.5mg/mL in RPMI) and NIR-labeled control HA particles were co-cultured with different numbers of activated macrophages (12,500, 25,000, 50,000, and 100,000). After a 30-minute culture period, macrophages were washed with PBS (pH=7.4) buffer three times to remove free particles/probes. The extent of targeting efficiency was then quantified by measuring the fluorescent intensity at a 630 nm excitation wavelength and 690 nm emission wavelength using a microplate reader.

2.6 Ex vivo targeting of human arthritic cartilage explant {#Section2.6}
----------------------------------------------------------

To assess the ability of FA-HA probes to target OA cartilage tissue, human articular cartilage was obtained from the discarded tissue of anonymous patients (N=4) undergoing total knee replacement and was stored at sterile saline at 4 °C for up for 24 hours prior to the experiments. As supported by previous publications [@B37] and our preliminary studies, the cartilage tissue used in the investigation possessed the histological characteristics and FA-HA probe affinity resembling freshly isolated cartilage samples. Explants were isolated from the weight bearing area in lateral femoral condyles with different severities of osteoarthritis and dissected into the mean size in mm: 20.0 ± 3.3 (L) × 13.4 ± 2.9 (W). In addition, explants isolated from non-weight bearing area without apparent osteoarthritis injury was used as healthy controls. The explants were washed gently with sterile saline and then immersed in a 6-well plate containing 3 mL of saline. Different concentrations (final concentrations, 100 µg/mL and 20 µg/mL) of FA-HA probes and HA control were added into the well plate which was then placed on a constant shaker in a dark setting. Explants in the plate were imaged at various time points (30, 45, 75, 105 and 135 minutes) using a custom-made fluorescent imaging system, and the collected images were processed as described in our previous publication [@B38]. Data was plotted in terms of the mean intensity of Region of Interest (ROI) over time.

2.7 Histological analysis {#Section2.7}
-------------------------

After imaging, the explants were embedded in an OCT compound and then sliced into 5-μm sections. The sections were fixed in iced acetone (-20°C) for 5 minutes prior to histological staining. For double staining of FR and macrophages (CD68), the sections were incubated with FR antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-CD68 antibody (1:80, Abcam, Cambridge, MA, USA) overnight at 4℃, followed by Alexa Fluor 594-conjugated anti-mouse IgG antibody (1:120, Abcam, Cambridge, MA, USA) and Alexa Fluor 488-conjugated anti-rabbit IgG antibody (1:120, Abcam, Cambridge, MA, USA) incubation for 1 hour at room temperature. A negative control was simultaneously generated by carrying out identical histological staining without the use of primary antibody. To reduce background staining caused by endogenous peroxidase activity and non-specific binding, all section staining was blocked with 3% hydrogen peroxide (10 minutes) and 5% purified goat serum (10 minutes), respectively. For the immunohistochemistry (IHC) staining, the sections were incubated with FR antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4℃ and followed by HRP-conjugated anti-mouse IgG antibody (1:500, Abcam, Cambridge, MA, USA) incubation for 1 hour at room temperature. Diaminobenzidine (DAB, sigma, MO, USA) was used as a chromogen for color development and methyl green was used as counterstain. FR scores were calculated to quantify the degree of FR expression, based on a published study [@B39]. Briefly, A (number of positive cells) and B (intensity of staining, including: 0= no color reaction; 1 = mild reaction; 2 = moderate reaction, 3 = intense reaction) were counted. Final FR scores were then calculated based on the following formula: FR score =A × B [@B39]. To determine the relationship between probe binding amounts and FR scores, we divided the tissue sections into 29 regions/cross-sections. In each cross-section, we measured its associated NIR intensity and FR score. The linear relationship between each cross-section probe accumulation and FR scores was determined statistically.

2.8 Co-localization of probes and diseased human tissue {#Section2.8}
-------------------------------------------------------

The probes\' ability to detect osteoarthritic tissue was verified using histological methods, which involved determining the locations of probe accumulation and FR expression on human osteoarthritic tissue. Human osteoarthritic tissue incubated with probes (100 µg/mL for 2 hours) were cryosectioned into two consecutive sections. One section was used for staining FR expression. The second section was used for NIR imaging to visualize the probe distribution. Subsequently, the slide was stained with Safranin O to assess the severity of cartilage tissue degeneration on the surface of the osteoarthritic cartilage. The Safranin O staining was carried out as described earlier [@B40]. After the staining, the slice was scanned through a pathology slide scanner (PathScan Enabler IV, Meyer Instruments, TX, USA). By merging NIR images and Safranin O images, we would be able to determine whether the probes preferentially accumulated on and diagnosed the location of the degeneration tissue.

2.9 Statistical analyses {#Section2.9}
------------------------

All the results will be expressed as mean ± standard error (including FR score on osteoarthritic and healthy cartilage, normalized cell viability, fluorescence of cell targeting and fluorescence on human tissue images). Student t-test was performed to compare the difference between groups. A value of p≤0.05 was considered significant. Linear regression analysis was used to determine all calibration curves. The Pearson correlation coefficient (R) was calculated to measure the linear correlation between two variables.

3. Results {#Section3}
==========

3.1 Folate receptor expression on human osteoarthritic tissue {#Section3.1}
-------------------------------------------------------------

Using histological analysis, the location of FR expression and macrophage accumulation on osteoarthritic tissue sections was determined. We found that abundant FR expression on the surfaces of osteoarthritic tissue coincided with the accumulation of macrophages (Figure. 1A). These observations supported that most of the macrophages on osteoarthritic tissue expressed FR. Furthermore, by comparison with healthy tissue, there was a substantially higher level of FR expression on osteoarthritic tissue (Figure. 1B). This finding concurred with the FR score results, in which osteoarthritic tissue FR scores were significantly higher than healthy tissue FR scores (Figure. 1B). These results support our overall hypothesis that FR-targeting probes can be employed to diagnose the extent of inflammatory responses on human osteoarthritic cartilage tissue.

3.2. HA particle synthesis, separation and characterization {#Section3.2}
-----------------------------------------------------------

To fabricate FR-targeting probes, we first synthesized HA particles by an emulsion polymerization technique using an AOT/isooctane/H~2~O emulsion system, while employing DVS as the crosslinker. The fabricated particles exhibited a wide range of particle sizes (Average size = 1161.1 nm, size variation = 89.8 nm). To narrow the particle size distribution, we applied a differential centrifugation method and collected a small size range of HA particles. DLS determined that the diameter of HA particles was \~490 nm (Figure. 2A). SEM images of the particles revealed the spherical shape of HA particles although the diameter of the particles reduced to \~200 nm due to dehydration during the process of sample preparation (insert Figure. 2A). The particles were then conjugated with a NIR dye - CF647A. The resultant NIR-labeled HA particles had a maximum absorbance peak at 654 nm and a maximum emission peak at 680 nm (Figure. 2B). The conjugation efficiency of CF647A on HA particles was 10.7 nmol CF647A per 1 mg of HA particles.

3.3 Characterization of FA-conjugated HA probes {#Section3.3}
-----------------------------------------------

Folate conjugation to HA particles was achieved through a succinimidyl ester-amine reaction between FA-PEG-NH~2~ and HA particles. FTIR spectra of FA-HA probes, HA particles and FA confirmed the success of the conjugation process, since the peak of phenyl and pterin rings (1485\~1519 cm^-1^) [@B41], a unique marker of FA, appeared on the FTIR spectrum of FA-HA probes (Figure. 2C). Based on the absorbance of FA-HA probes and the calibration curve generated with FA-PEG solution, we determined that the average conjugation efficiency of FA on HA particles was 120 nmol folate per 1 mg of HA particles.

3.4 Cytotoxicity of HA particles and FA-HA probes {#Section3.4}
-------------------------------------------------

The cytotoxicity of HA particles and FA-HA probes was determined using human chondrocytes. We found that HA particles had no detectable cytotoxicity up to 1 mg/mL (Figure. 2D). Similarly, FA-HA probes were found to have no detectable cytotoxicity up to 0.5 mg/mL (Figure. 2D). Based on these observations, both HA particles and FA-HA probes were used in subsequent studies in media with concentrations \<0.5 mg/mL.

3.5 FA-HA probes targeting efficiency on activated macrophages {#Section3.5}
--------------------------------------------------------------

The ability of FA-HA probes to detect activated macrophages was investigated using both Murine Raw 264.7 macrophage and human THP-1 cell lines. We first examined the interactions between probes and activated THP-1 cells using fluorescence microscopy (Figure. 3A). Cy5 and DAPI images were taken to reveal the location of FA-HA probes and macrophages, respectively. By overlaying both Cy5 and DAPI images, we clearly saw a large number of FA-HA probes on the surfaces of activated macrophages, which would directly support the targeting process. By measuring cell-associated fluorescent intensities at different time points (15 and 30 minutes), we found that FA-HA probes had a significant higher specificity to activated macrophages (\~10X) than to naïve cells (Figure. 3B). Additionally, the amounts of probes accumulated on activated macrophages in 15 minutes are only slightly less than those in 30 minutes (Figure. 3B). To determine the role of FA on probes in targeting activated macrophages, a competition-binding test was performed in which free folate molecules were incubated with activated macrophages prior to the addition of FA-HA probes. As expected, prior incubation of free FA (18µM) significantly reduce (\~67%) FA-HA probe affinity to activated macrophages. These results support that probe accumulation on activated macrophages was mediated by the interaction between FA on probe and FR on inflammatory cells (Figure. 3C).

To explore the idea about whether probes could be used to quantify the numbers of activated macrophages, different numbers of activated Murine Raw 264.7 macrophages (treated with LPS) were incubated with FA-HA probes and control particles. After incubation for 30 minutes, we then assessed the probes\' binding affinity by measuring the cell-associated fluorescent intensities. In agreement with earlier results, we found that there was a strong linear relationship between the number of activated macrophages and FA-HA probe associated fluorescent intensity (R=0.993) (Figure. 3D). The FA-HA probes\' binding affinity to activated macrophages was calculated to be 7.00±1.91 ng/cell. On the other hand, there was only a small amount of the control particles associated with activated macrophages. These results agreed with our hypothesis that FA-HA probes can be used to detect and quantify activated macrophages.

3.6 Imaging efficiency on human osteoarthritic cartilage {#Section3.6}
--------------------------------------------------------

Using human osteoarthritic cartilage tissue, we then investigated the ability of FA-HA probes to detect activated macrophages on human osteoarthritic cartilage explants *ex vivo*. Specifically, osteoarthritic tissue was first incubated with different concentrations (100 vs 20 µg/mL) of FA-HA probes and HA particles for different periods of time (30, 45, 75, 105 and 135 minutes) and then imaged using an NIR imager (Figure. 4A). Interestingly, shortly after incubation with FA-HA probes, we saw an uneven fluorescent signal distribution on osteoarthritic tissue. Based on the average fluorescent intensity acquired from the randomly picked ROI, we find that FA-HA probes reach their peak targeting efficiency as early as 30 minutes (Figure. 4B). In general, the average intensity of the 100 µg/mL group was about 2.5 X higher than the intensity of the 20 µg/mL group. Moreover, the amount of FA-HA probes associated with human OA cartilage was about 2.6 and 2.3 folds more than that of control HA particles at the concentrations of 100 and 20 µg/mL, respectively. These findings supported that a higher administration dose contributed to a better imaging capability *in vitro* and the probes had a significant better targeting efficiency than control HA particles.

3.7 Quantification of folate receptor expression on human osteoarthritic tissue {#Section3.7}
-------------------------------------------------------------------------------

OA is associated with a varying degree of inflammatory responses at different areas of cartilage tissue. Under white light, osteoarthritic cartilage tissue showed slightly opaque, rough and yellowed surfaces (Figure [5](#F5){ref-type="fig"}A). In addition, the extent of inflammatory responses on different areas of cartilage tissue could not be easily identified by naked eyes. However, using FA-HA probes and NIR imaging, we could easily identify the area of extensive inflammatory responses on human cartilage tissue (Figure [5](#F5){ref-type="fig"}B). To assess the relationship between probe binding amounts and FR scores on cartilage tissue, we divided each tissue sections into 29 regions across the whole section. For each region, we determined the intensities of tissue associated probes (via NIR imaging) (Figure [5](#F5){ref-type="fig"}B) and the extent of FR expression (via FR scores) (Figure [5](#F5){ref-type="fig"}C). Using statistical analysis, we found a linear relationship between the NIR signal intensities and FR scores (Figure. 5D). Through the regression analysis, probe fluorescent intensity was found to have a strong correlation with the FR number (Mean probe intensity = 104.25 × FR number -37.066, R = 0.933). The statistical results of this experiment supported our hypothesis that FA-HA probes can be used to assess the severity of human OA cartilage.

3.8 Co-localization of FA-HA probes and FR expression and cartilage tissue degeneration {#Section3.8}
---------------------------------------------------------------------------------------

We further determined the FA-HA probes\' ability for OA diagnosis by using confocal laser scanning microscopy and histological analysis to examine the probe distribution and degenerative cartilage tissue, respectively. As present in the stitched images, the probe distribution can be visualized clearly on the surface of the osteoarthritic cartilage sample (Figure. 6A). To determine the extent of cartilage degeneration, we used both FR IHC and Safranin O staining. The FR IHC stain imaging revealed a heterogeneous surface structure, indicating the degenerative nature of the OA tissue (Figure. 6B). Safranin O staining has been widely used to quantify proteoglycan content and to reflect the extent of cartilage degeneration. As anticipated, the Safranin O staining revealed the location and extent of cartilage degeneration (Figure. 6C). Impressively, the highest fluorescent intensity was located exactly at the most degenerated area, which means the probes were able to indicate the area of degenerative cartilage tissue through a specific targeting process.

4. Discussion {#Section4}
=============

In the present study, FA-conjugated HA probes were fabricated and investigated for their ability to diagnose inflammatory responses on human osteoarthritic cartilage explants. Our results support that FA-HA probes can be used to detect activated macrophages via NIR imaging. In addition, probe-associated fluorescent intensities can be measured to reflect the number of activated macrophages in culture. By applying FA-HA probes (100 µg/mL) on cartilage tissue, we can visualize the extent of inflammatory responses on cartilage tissue within 30 minutes in the presence of free probes. Even though Osteoarthritis Research Society International (OARSI) histological scoring has been widely used to determine the overall knee joint damage, OARSI scores can only reflect an average cartilage tissue injury and cannot be used to identify the areas of injured cartilage. We believe that the FA-HA probes can be used to identify localized cartilage injury by taking advantage of an intra-articular imaging technique established earlier [@B42].

The results of this work supports that FR can be used as a targeting ligand for OA diagnosis in humans. It should be noted that several different probes with different targeting ligands have been developed for *in vivo* OA diagnosis recently. Firstly, cathepsin B, an extracellular cysteine protease, was used as a marker of OA. Specifically, cathepsin B sensitive NIR probes were fabricated and then investigated for early OA diagnosis [@B43]. Secondly, fluorescence resonance energy transfer MMP-13 fluorogenic probes were fabricated and investigated for *in vivo* OA detection [@B44]. Thirdly, ApoPep-1 (CQRPPR), a peptide that is able to bind to apoptotic and necrotic cells, was tested for its ability to detect OA *in vivo* via its binding to apoptotic chondrocytes [@B45].

Different imaging modalities have been investigated for OA diagnosis with different advantages and disadvantages. For example, an investigational folate receptor-targeting companion imaging agent, 99mTc-folate (Etarfolatide), has recently been used to assay the participation of activated macrophages in a substantial proportion of human osteoarthritic knees using SPECT-CT [@B46]. However, the imaging method is invasive, causes negative side effects due to the imaging agent [@B47] and the bioavailability provided by intravaneous injection is low for articular cartilage due to the avascular structure, which leads to insufficient imaging information for diagnosis [@B48]. Conversely, our probe is fabricated with HA, which has been approved by the United States Food and Drug Administration for intra-articular injection since 2001 [@B49], [@B50]. Despite the improved penetration depth of NIR imaging [@B51], it is possible that the accumulation of FA-HA probes on cartilage tissue cannot be detected non-invasively. In that case, a fluorescence arthroscope may be used to image the probe accumulation on cartialge tissue*in situ,* which has been documented recently [@B52].

HA is selected for this application based on the following advantages: first, HA has been used in the form of particles and tissue scaffolds for enhancing cartilage tissue repair and regeneration [@B53]; Second, studies have shown that HA is able to mediate chondrocyte proliferation and matrix synthesis in a cartilage microenvironment through the CD44-HA pathway [@B54]; and finally, HA may diminish immune responses by reducing the motility of lymphocytes [@B55], which would lead to inhibition of PMN leukocyte migration [@B56] and neutrophil aggregation and adhesion [@B57]. These unique characteristics may permit the further development of FA-HA probes into a treatment method that induces chondrogenic tissue regeneration and healing in osteoarthritic cartilage tissue. It should be noted that many other biocompatible, water soluble and biodegradable polymers have been developed as *in vivo* imaging probes [@B58]. For example, Poly(ethylene glycol) [@B59], Poly (L-glutamic acid) [@B60] and N-(2-Hydroxypropyl) methacrylamide [@B61] with various functional groups have been used to fabricate probes with different targeting and therapeutic moieties. It is possible the FR-targeting probes can be made using different polymer carriers. However, further studies are needed to determine the potential effects of polymer types on probe-cell interactions and affinity.

5. Conclusion {#Section5}
=============

FA-targeting and NIR-labeled HA probes have been successfully designed to target FR-upregulated cells in culture and on human osteoarthritic tissue explants. These probes were characterized to be spherical, nanoscale and non-cytotoxic; in addition, they exhibited a strong targeting efficiency on FR upregulated macrophages. Furthermore, by adding the probes in the solution, we can not only visualize the area but also the extent of inflammatory and degenerative cartilage tissue in 30 minutes *ex vivo*. Our results support that this imaging probe has a tremendous potential to be used as a novel diagnostic method to evaluate OA in a clinical setting.
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ROI

:   Region of Interest

IHC

:   immunohistochemistry

DLS

:   dynamic light scattering

SEM

:   scanning electron microscope.

![Preliminary histological study on human osteoarthritic tissue **(A)** Double staining images of folate receptor (FR: Cy3 channel-red) and macrophages (CD68: GFP channel-green, nucleus: DAPI-blue) on human osteoarthritic tissue were taken under 200X and 630X (inserted, oil immersion lens). **(B)** The expression of FR on osteoarthritic tissue was compared with FR expression on healthy tissue and arrows indicated positive staining result (scale bar: 0.1 mm). All the statistical data was presented as mean ± standard deviation, n=8 for OA tissue and n=3 for healthy tissue. Student t-test was performed to compare the difference between groups (including significance between FR score over length of OA and healthy tissue. A value of \*p≤0.05 was considered significant.](ntnov02p0347g001){#F1}

![Physical and chemical characterizations of the probes. **(A)** HA particle size distribution was determined using DLS and particle morphology was observed with SEM (scale bar: 1µm). **(B)** The optical properties of the CF647A-labeled FA-HA probes were determined using a microplate reader. (C) Fourier transform infrared spectra of the FA, HA particles and FA-HA probes were employed to confirm the conjugation process. The arrow notes the peak of the phenyl and pterin rings (1485\~1519 cm^-1^). (D) Chondrocyte cytotoxicity study was carried out using HA particles and FA-HA probes. All the statistical data was presented as mean ± standard deviation, n=3 for each group. Student t-test was performed to compare cytotoxicity of different probe concentrations with the control group. \* P ≤0.05: Significance vs. the same materials (either HA particles or FA-HA probes).](ntnov02p0347g002){#F2}

###### 

*In vitro* evaluation of the FA-HA probe\'s ability to target both activated human THP-1 cells (Figure [3](#F3){ref-type="fig"}A&B) and Murine Raw 264.7 macrophages (Figure [3](#F3){ref-type="fig"}C). **(A)** Fluorescent and white light images of activated macrophages treated with FA-HA probes and control HA particles at different channels - Cy5 channel (probes/particles), DAPI channel (macrophages), white light channel and overlay channel (scale bar: 50 µm). **(B)** Fluorescent intensities of PMA activated macrophages and naïve macrophages after incubation with FA-HA probes for 15 and 30 minutes. **(C)** Fluorescent intensities of HA particles or FA-HA probes on activated macrophages with or without the pre-treatment of free FA (18 µM) for 30 minutes.**(D)** The relationship between the number of activated Raw 264.7 macrophages and fluorescent intensities of cell-bound FA-HA probes/HA particles. All the statistical data was presented as mean ± standard deviation, n=3 for all groups. Pearson correlation coefficients were calculated between cell numbers and cell associated fluorescent intensities. A value of \*p≤0.05 was considered significant.
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###### 

The ability of FA-HA probes to diagnose injured cartilage was evaluated using human osteoarthritic tissue *in vitro*. **(A)** Time and dose dependent fluorescent images of osteoarthritic human tissue co-cultured with different concentrations of FA-HA probes and HA particles (as control) (scale bar: 20mm). **(B)** The fluorescent intensities of all tissue incubated with different concentrations (20 and 100 µg/ml) of FA-HA probes and HA particle controls for different periods of time (up to 140 minutes) were calculated and compared. n=6 for all groups. The background fluorescence intensity of the HA particle control incubated tissue was 360±17. A value of \*p≤0.05 was considered be significant.
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![Relationship between fluorescent imaging and histological analysis results. **(A)** Optical image of human osteoarthritic tissue before OCT embedding. **(B)** Top panel: NIR fluorescent image of human osteoarthritic tissue taken after being incubated with FA-HA probes for 30 minutes. Bottom panel: probe incubated tissue was divided into 29 sections and then imaged using confocal laser scanning microscopy. Representative images of low, medium and high amounts of probe accumulation on tissue. (**C)** Top panel: representative images of FR IHC stained tissue with low, medium and high folate receptor scores. Images were taken under 200X microscope. Bottom panel: whole tissue image was taken using PathScan. **(D)** The linear relationship between tissue associated fluorescent intensities in each region and corresponding folate receptor scores on human osteoarthritic tissue were determined statistically with a Pearson correlation coefficient of 0.933.](ntnov02p0347g007){#F5}

![Co-localization of probes and cartilage tissue degeneration on human osteoarthritic explants were carried out using both confocal imaging and histological analysis. **(A)** Stitching image of FA-HA probe distribution on exposed tissue was taken using a Leica confocal laser-scanning microscope. **(B)** Scanning image of FR IHC staining on adjacent tissue section was taken using PathScan. **(C)** Scanning image of Safranin O staining on the identical tissue section (as in Figure [6](#F6){ref-type="fig"}A) was taken using PathScan.](ntnov02p0347g008){#F6}
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